The overhead throwing motion is a high-velocity, extremely stressful athletic movement. Its repetitive nature places tremendous demands on the entire body, frequently resulting in injury to the throwing shoulder. Such injuries, whether managed nonoperatively or surgically, require a multiphased approach beginning with exercises to restore muscular strength and proprioception, and advancing to more demanding exercises to improve power, endurance, and dynamic control. This article presents a new and innovative approach to the rehabilitation of the overhead throwing athlete, The Advanced Throwers Ten Exercise Program. This expanded program incorporates throwing motion-specific exercises and movement patterns performed in a discrete series, utilizing principles of coactivation, high-level neuromuscular control, dynamic stabilization, muscular facilitation, strength, endurance, and coordination, which all serve to restore muscle balance and symmetry in the overhead throwing athlete. This program is a continuation of the Throwers Ten Exercise Program, which has been utilized with excellent results in clinical practice and in athletic performance training. This unique combination of advanced exercise techniques bridges the gap between rehabilitation and training, facilitating a kinetic linking of the upper and lower extremities and providing a higher level of humeral head control necessary for the overhead throwing athlete's symptom-free return to sports.
Introduction
The thrower's shoulder, particularly in overhand pitchers, is a common site of injury [1] [2] [3] and requires a unique, dynamic, and aggressive rehabilitative approach in order to facilitate the return of the athlete to competition following injury or surgery. The glenohumeral joint exhibits more motion than any other articulation in the body, creating a propensity toward laxity and the potential for instability, 4 both of which are precariously balanced in the overhead throwing athlete. Wilk et al 4 proposed the concept of the "thrower's paradox," in which the throwing shoulder must be sufficiently loose in order to throw but have enough stability in order to prevent symptoms. Glenohumeral stability comes from the continuous interplay and coordinated equilibrium between the capsuloligamentous structures of the shoulder and the combined neuromuscular control of the entire upper extremity. The repetitive forces and loads placed on the glenohumeral complex in combination with the excessive motion required for throwing necessitate challenging, dynamic, and specific rehabilitative interventions for successful functional restoration of the injured shoulder in the overhead throwing athlete. The exercise program should gradually increase the demands on the thrower's shoulder, ulti-mately producing the enhanced dynamic strength, endurance, and neuromuscular control that is integral to maintaining symptom-free sustained activity through the rigors of a competitive season. For several years, the Throwers Ten Exercise Program has been performed to enhance shoulder strength in the athlete. The exercise program discussed in this article is designed to build on the Throwers Ten Exercise Program to create a higher level of strength, endurance, and dynamic stability. This will ultimately translate to the shoulder, scapular region, and core working synergistically to produce the necessary force to initiate and endure the repetition of the throwing motion. The article presents an advanced throwers exercise program that will enhance dynamic shoulder stabilization, muscular coactivation, strength, and endurance in the throwing shoulder.
Biomechanics of Dynamic Glenohumeral Stability
The throwing motion is dependent on the synchronicity between the glenohumeral joint and scapulothoracic complex as they work concurrently to control the powerful movement pattern. The interplay between the osseous configuration and soft tissue structures of the upper quarter creates the mobility necessary to throw while preserving the stability required to avoid injury. This inherent hyperlaxity in the shoulder is juxtaposed with the tremendous joint forces and exceedingly high angular velocities produced during overhead throwing. The acceleration phase of throwing that occurs from the fully externally rotated cocking position to ball release is the fastest functional movement pattern recorded. [5] [6] [7] This internal rotation (IR) moment is produced in 0.03 seconds at angular velocities of 7250° per second. 6, 7 In addition, throwing results in anterior shear forces across the glenohumeral joint that are 0.5 times that of the thrower's body weight and distraction forces that can equal 1.5 times the thrower's body weight. 5, 6 These forces place tremendous demands on the dynamic stabilizers of the glenohumeral complex. Functional stability of the shoulder is achieved through a delicate balance of several mechanisms that, when coupled, play a critical role in enhancement of shoulder function. These dynamic functional stabilizing mechanisms include joint compression, dynamic capsuloligamentous tension, and scapular positioning, and as well as neuromuscular control. Applied clinical concepts related to enhancing glenohumeral stability and scapular control using these mechanisms have produced successful outcomes in treating pathologies unique to the overhead throwing athlete. 4, [8] [9] [10] [11] [12] [13] Wilk et al 14 noted that glenohumeral joint compression is achieved through muscular co-contractions of the rotator cuff, creating a balance of muscular forces that serves to center the humeral head within the glenoid fossa. This dynamic joint compression mechanism has a significant stabilizing effect on the glenohumeral articulation. Likewise, dynamic capsuloligamentous tension is created during muscular contraction of the rotator cuff.
14 Anatomically, the rotator cuff blends with the joint capsule anteriorly, and muscular contraction results in reduced capsular stress as the shoulder is excessively externally rotated during the throwing motion. 15 The scapula serves as a foundation, or stable base, of support from which the arm functions in space. During arm movements, it systematically aligns itself with the humerus to create the most advantageous muscular length tension relationship for scapulohumeral and scapulothoracic muscles, thereby helping to control glenohumeral stability throughout the throwing motion. 16 Scapular positioning and control enhance shoulder dynamic stability via the scapular concavity effect, whereby force couples around the scapula result in specific orientations that are necessary to create a synergistic effect between the glenohumeral joint and scapulothoracic complex. 16, 18 Most significant are the force couples produced via the upper trapezius, serratus, and lower trapezius muscles, which play a crucial role in producing a posterior tilt, elevation, and upward rotation of the scapula necessary to accommodate the overhead throwing motion. 16, 17 An additional form of dynamic shoulder stability is neuromuscular control, which is the efferent motor response to sensory information provided via proprioception and kinesthesia. Proprioceptive elements that contribute to joint stability include the conscious and unconscious appreciation of joint position, the awareness of joint position and movement, and any postural, positional, or kinetic information provided to the central nervous system by sensory receptors within the muscles, tendons, or joints. 14 The kinesthetic components to stability are the sensation of joint motion or acceleration and the sensation of active movement produced via muscular contraction. Lephart et al 9, 18, 19 and Myers and Lephart 20 reported that proprioceptive and kinesthestic training methods were integral to enhancing both midrange and end-range shoulder complex stability in the late cocking phase of the throwing motion.
Numerous studies have shown that the overhead throwing athlete is at higher risk for shoulder and/or elbow injuries while pitching when fatigued. [21] [22] [23] [24] [25] [26] [27] Using kinematic and kinetic motion analyses, Murray et al 25 thrower was fatigued, shoulder external rotation decreased and ball velocity diminished, as did lead lower extremity knee flexion and shoulder adduction torque. 25 It has been reported that pitching while fatigued is the primary cause of shoulder pain in youth baseball pitchers. 22, 26 Lyman et al 22 determined that the predisposing factor that correlated with the highest percentage of shoulder injuries in Little League pitchers were complaints of muscle fatigue while pitching. Olsen et al 26 noted that continuing to pitch while fatigued places youth pitchers at 36 times higher risk for injury.
There is a documented relationship between muscle fatigue and diminished proprioception, resulting in up to a 78% loss in glenohumeral proprioception when fatigued. 28, 29 Chen et al 30 demonstrated superior humeral head migration on initiation of arm elevation when the rotator cuff muscles were fatigued. This superior migration can lead to impingement of the subacromial tissues. Therefore, an exercise program designed to improve muscular strength and endurance can aid in injury prevention.
Advanced Throwers Ten Exercise Program
Exercises for the throwing shoulder that focus on strengthening the glenohumeral joint and the thrower's arm have not drastically changed in the past 25 33 established an evidence-based isotonic exercise program for the overhead throwing athlete that specifically addressed the vital muscles involved in the throwing motion, called the Throwers Ten Exercise Program. This exercise program was developed based on the collective information derived from the electromyographic research of numerous investigators 24, [34] [35] [36] [37] [38] [39] [40] and focused on traditional isotonic movements that are commonly utilized today. Escamilla et al 41 recently reported that participating in the Throwers Ten Exercise Program increases ball velocity by approximately 2% within 6 weeks of training, demonstrating the effectiveness of these exercises in enhancing athletic performance. This improvement in ball velocity using the Throwers Ten Exercise Program was similar to that observed in functional and plyometric-based training programs. 41 A specialized and challenging rehabilitation program is required to return the overhead throwing athlete to unrestricted competitive participation. A 4-phased rehabilitation approach, paired with the clinician's knowledge of the sequential principles related to the restoration of strength, dynamic stability, and neuromuscular control in the overhead throwing athlete, is paramount to the management of injuries in this unique population. These 4 rehabilitative phases and their specific goals are outlined in Table 1 . Each phase represents a progression, with exercises becoming more aggressive and demanding. The stresses applied to the shoulder complex are sequentially intensified in a controlled, systematic manner to allow the athlete to return to unrestricted activity. For a detailed description of the entire rehabilitation program for the overhead throwing athlete, the reader is referred to work by Wilk et al 42 on shoulder injuries in the overhead throwing athlete.
The critical component to the advanced strengthening phase is the Advanced Throwers Ten Exercise Program (Table 2) , which combines the principles of dynamic stability, coactivation, high-level neuromuscular control, endurance, rotator cuff facilitation, proper posture, core strength/ endurance, and coordination in a specific manner designed to enable an athlete to progress seamlessly into an interval throwing program and prepare him or her for a return to sport participation. The exercises in this program demand high levels of proprioceptive and neuromuscular control bilaterally, serving to enhance the dynamic stability characteristics of the upper quarter, trunk, lumbopelvic complex, and lower extremity. The shoulder external rotator, scapular retractor, protractor, and depressor muscles frequently receive focus because of their identifiable weaknesses in the overhead throwing athlete. 4, 8, [11] [12] [13] 39, 42 The Advanced Throwers Ten Exercise Program outlined in this article contains alterations to a previously outlined Throwers Ten Exercise Program by Wilk et al, 33 placing higher demands on the shoulder. This new program emphasizes progressive challenges to the postural muscles and the endurance/fatigability of the musculature via the application of sustained holds and alternating arm movements with sustained hold sequences. Muscle fatigue has been associated with a decrease in neuromuscular control. 28 Carpenter et al 28 observed the ability to detect passive motion of the shoulder when positioned at 90° of abduction and 90° of external rotation (ER), noting a decrease in the detection of both IR and ER movements. The Advanced Throwers Ten Exercise Program emphasizes endurance training not only of the shoulder and scapulothoracic musculature but also of the stabilizing musculature responsible for maintaining appropriate trunk and lower extremity position during throwing. This ensures that progressive demands are continually applied during the rehabilitative process in order to adequately challenge the overhead throwing athlete. The alternating movement patterns incorporated in this advanced throwers program challenges shoulder and scapular neuromuscular control, while facilitating the rotator cuff by using alternating dynamic and sustained-hold sequences as the athlete performs the exercise. These exercise activities not only address strength, dynamic stability, and proprioception but also promote the type of high-level endurance required to facilitate an athlete's to return to a high-demand, repetitionbased sporting activity, such as throwing.
An athlete is typically instructed to perform 10 repetitions of each sequence (movement pattern) for all exercises outlined in the Advanced Throwers Ten Exercise Program ( Table 2 ). The sequence described below for each exercise is performed twice. These exercise sets are performed without rest between sets. The pattern incorporated when participating in the program follows a sequential progression that integrates 3 specific movement patterns. First, the athlete performs a bilateral isotonic movement set, then a unilateral isotonic movement of the involved arm with a contralateral sustained hold of the uninvolved arm, and finally alternate repetitions between a sustained isometric hold and an active isotonic movement pattern from arm to arm. Incorporating sustained holds will challenge the athlete to maintain a fixed elevated-arm position while the opposite arm performs isotonic dumbbell or resistance tubing exercise movements.
A stability ball is used during the participation in The Advanced Throwers Ten Exercise Program to continue to challenge the athlete's position on an unstable surface. While performing each exercise repetition, the athlete is positioned in good sitting alignment on a stability ball, sitting over the ischial tuberosities, with feet planted shoulder-width apart and abdominals engaged. Proper posture and positioning, especially of the scapula, is essential for successful completion of the exercises. Maintaining a posteriorly tilted, externally rotated, and retracted scapular position is a continual focus. Frequently, athletes are cued until scapular positioning is maintained with all exercises. Manual resistance can also be employed to any of the seated stability ball exercises to increase muscle excitation, co-contraction, and dynamic stability, as well as promote endurance and challenge the fatigability of the rotator cuff muscles (Figure 1) .
The Advanced Throwers Ten Exercise Program begins with IR and ER tubing exercises at 0° of abduction with a towel roll between the individual's arm and side while the athlete is seated on a stability ball. The towel roll is used to promote greater electromyographic activity of the posterior cuff musculature, as described by Reinold et al. 39 This is followed by the athlete performing the same seated exercises in conjunction with a sustained contralateral isometric hold at 90° of abduction. The weight used to perform any sustained hold is one that the individual can comfortably hold throughout the duration of the exercise without pain or a break in the holding position.
Similarly, the first set of the full-can exercise begins with the athlete seated on a stability ball with both arms at the side, elbows straight, and thumbs up. The athlete is instructed to raise both arms to shoulder level at 30° angles in front of the body, holding for 2 seconds at the apex of the movement and slowly lowering to the starting position The patient is seated on the stability ball with trunk perpendicular to the floor. The patient is cued to retract and depress scapula while the therapist applies manual resistance against external rotation. A towel roll is placed underneath the affected arm to enhance excitation of the rotator cuff. The patient is instructed to sit with the trunk in an upright position, with scapulae retracted and depressed for initiation of the movement. The first sequence involves raising both arms in the scapular plane to 90° of shoulder flexion. The second sequence begins with the right arm remaining in the scapular plane held at 90° while the left arm performs concentric/eccentric flexion for 10 repetitions. The same sequence is repeated for the right shoulder. The third sequence involves alternating arm concentric/eccentric movements with the left and right arm for 10 repetitions. A total of 30 repetitions is performed for the exercise. An additional 30 repetitions involving the same sequence will follow to complete the exercise. (Figure 2 ). In the second set, the athlete raises both arms to shoulder level in the scapular plane and the involved arm returns to the patient's side and repeats the motion for 10 repetitions, while the uninvolved arm sustains the elevated position for the duration of the set. The third set incorporates raising both arms to shoulder level in the scapular plane and then alternately returning each arm to the side while the opposite arm sustains its position at shoulder level for the duration of the set. This is followed by shoulder abduction to 90° while the athlete is seated on a stability ball, with the athlete performing 1 bilateral set, followed by a set utilizing a sustained contralateral hold, and then a set of alternating movements with sustained holds in the manner previously described.
Side-lying ER is performed with a dumbbell in a standard 3-set isotonic fashion. This exercise is progressed to the sidelying plank position to maximally challenge the athlete's (Figure 3) . Caution must be exercised to ensure that the athlete is capable of exhibiting excellent dynamic stability on the supported arm while holding a neutral spine position when performing plank side-lying ER.
Prone horizontal abduction (T raises), prone horizontal abduction at 105° of abduction with full ER (Y raises), and rows into ER prone on a stability ball are all performed in the previously described 3-set manner, incorporating bilateral movements, contralateral holds, and alternating holds with active movements (Figures 4, 5) . Performing these exercises with sustained holds and alternating-arm/ sustained-hold sequencing further challenges the endurance of the posterior rotator cuff, periscapular, lumbar extensor, and gluteal musculature in a kinetic linking of the upper and lower extremities.
The next portion of the program is referred to as the Lower Trapezius 5 Series. The exercises in this series have been chosen based on the electromyographic findings of multiple authors and emphasize scapular control and lower trapezius isolation. 24, 34, [37] [38] [39] [40] These exercises include shoulder extension in 20° of abduction with the arms externally rotated, shoulder extension at 45° of abduction with the arms externally rotated, wall circle slides, low rowing in standing position, and table press-downs with scapular depression (Figure 6 ). Each exercise in this series is performed for 3 sets of 10 repetitions. In addition, scapular neuromuscular control exercises (ie, therapist applying manual resistance into protraction, retraction, elevation, and depression) are performed to train the synchronicity of muscle firing for the scapulothoracic muscles. The athletes can perform these exercises sitting on a stability ball or side-lying on a table. Cools et al 43 reported that a lack of scapular muscle synchronicity, particularly of the lower trapezius and middle trapezius, is a key factor evident in shoulder pain in the overhead throwing athlete. In addition, bicep curls and triceps extensions are performed with sustained holds on the stability ball. Because The patient is instructed to assume the body in a side-lying position on the plinth. The unaffected arm will be placed on the table, with the elbow bent at 90°. The patient is cued to lift the pelvis from the table while contracting lumbopelvic abdominal musculature to maintain a neutral spine with the liftoff. External rotation is performed for 10 repetitions or 10 seconds while preserving a neutral spine. The therapist closely monitors spine angle for signs of fatigue. The patient is instructed to position the body prone to enable the abdomen to rest on the stability ball while the trunk assumes a parallel position to the floor. Abduction of each arm is performed for a set of 10 repetitions while the patient maintains proper positioning on the stability ball. The second and third sequences are similar to the exercise described in Figure 2 . A total of 30 repetitions is performed. An additional 30 repetitions involving the same sequence will follow to complete the exercise. of the inherent stresses on the elbow joint during the throwing motion, elbow strengthening is also incorporated into the program to include isotonic dumbbell exercises for wrist flexion, extension, supination, and pronation.
This program is implemented in conjunction with a stretching program, plyometrics, and the initiation of an interval-throwing program at appropriate times. Clinical trials will be necessary to determine the ultimate efficacy of this program; however, we have utilized this program for > 3 years with excellent anecdotal clinical success. Electromyographic studies and additional clinical trials are necessary to document the effectiveness of this program.
Summary
Overhead throwing athletes typically present with a unique musculoskeletal profile. The overhead throwing athlete exhibits excessive amounts of motion, which result in an inherently unstable glenohumeral complex, thus requiring the athlete to rely heavily on dynamic stabilization for high-level, symptom-free activity. This unique athletic population demonstrates distinct shoulder pathology that frequently presents challenges for the clinician. Progressively challenging exercises that emphasize the restoration of muscle balance and symmetry are required to facilitate the athlete's return to competition.
The Advanced Throwers Ten Exercise Program presented in this article provides an additional critical step for comprehensive rehabilitation of the overhead throwing athlete. It functions as a bridge, facilitating the transition from rehabilitation to return to competitive throwing by utilizing higher-level principles of dynamic stabilization, neuromuscular control, rotator cuff facilitation, and coordination in the application of throwing-specific exercises in a unique and progressive manner.
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